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ABSTRACT 
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This paper presents a novel modeling analysis of a 40-year-long dataset to examine the impact of 
urbanization, with widespread stormwater infiltration, on groundwater levels and the water balance of a 
watershed. A dataset on the hydrologic impact of urbanization with extensive stormwater infiltration is 
not widely available, and is important because many municipalities are considering infiltration as an 
alternative to traditional stormwater systems. This study analyzes groundwater level observations from an 
urban catchment located in Perth, Western Australia. The groundwater observation data cover 
approximately a 40-year-long period where land use changes (particularly due to urbanization) occurred; 
moreover, the monitored area contains both undeveloped and urbanized areas where stormwater 
infiltration is common practice via soakwells (shallow vertical infiltration wells). The data is analyzed 
using a distributed and dynamic hydrological model to simulate the groundwater response. The model 
explicitly couples a soakwell model with a groundwater model so that the performance of the soakwells is 
reduced by the increase of groundwater levels. The groundwater observation data is used to setup, 
calibrate and validate a coupled MIKE SHE-MIKE URBAN groundwater model and the model is used to 
quantify the extent of groundwater rise as a result of the urbanization process. The modeled urbanization 
processes included the irrigation of new established private and public gardens, the reduction of 
evapotranspiration due to a decrease in green areas, and the development of artificial stormwater 
infiltration. The study demonstrates that urbanization with stormwater infiltration affects the whole 
catchment water balance, increasing recharge and decreasing evapotranspiration. These changes lead to a 
rise in the groundwater table and an increase in the probability of groundwater seepage above terrain.  
1. INTRODUCTION  
Stormwater infiltration through infiltration trenches, swale-trench systems, infiltration areas, permeable 
pavements, rain gardens and bioretention basins is part of Water Sensitive Urban Design (WSUD) 
(Fletcher et al., 2015) which aims at improving urban stormwater management and building more livable 
and resilient urban environments that are adapted to future uncertainties caused by climate change (Wong 
and Brown, 2009).  
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Stormwater infiltration (rather than stormwater drainage pipe systems) increases groundwater recharge 
and groundwater levels (Jeppesen, 2010; Göbel et al., 2004) which can cause an increased risk of 
groundwater seepage above terrain, decreased infiltration capacity of stormwater infiltration systems, and 
an increase of water flowing into foundation drains and infiltrating sewer systems (Antia, 2008; Endreny 
and Collins, 2009). This is particularly important in areas with shallow water tables, where even modest 
increases in groundwater levels can cause the water table to rise to the ground surface, causing 
groundwater flooding. 
The implementation of stormwater infiltration in an urban area is constrained by existing built 
environment and underground infrastructures, soil pollution, groundwater levels, local drinking water 
assets, and the quality of the stormwater runoff (Göbel et al., 2004; Mikkelsen et al., 1994; Revitt et al., 
2003). It is important to predict the consequences of stormwater infiltration on subsurface flows and the 
interaction with underground structures (Dietz et al., 2007). This requires an understanding of the mutual 
interaction between infiltration devices and groundwater (Bouwer, 2002). To predict the impact of 
WSUD systems (WSUDs) hydrological models are often used (Elliott et al., 2007). 
Several studies have analyzed the impact of stormwater infiltration on infiltration rates, groundwater 
mounding and groundwater table focusing on the impact of single systems. Duchene et al. (1994) 
presented a numerical model based on Richards’equation to simulate infiltration from infiltration 
trenches. Bouwer (2002) described the main processeses affecting the performance of different infiltration 
systems, and Guo (1998) presented a steady-state surface-subsurface model to design trench infiltration 
basins. Dussaillant et al. (2004) presented a three layer model with subsurface flow described by Richards 
equtions for designing rain gardens, while Browne et al. (2008; 2012) presented a one-dimensional and a 
two-dimensional model to calculate infiltration rates from stormwater infiltration systems and Thompson 
et al. (2010) used the software HYDRUS-2D to predict the water-table mounding beneath infiltration 
basins. Carleton (2010) simulated the effect of local stormwater infiltration on local groundwater 
mounding. Roldin et al. (2013) presented a model to predict infiltration rates and groundwater mounding 
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from single soakaways. Bergman et al. (2011) and Warnaars et al. (1999) reported the performance of 
observed infiltration trenches in an urban area, and Machusick et al. (2011) presented the groundwater 
observations from an experimental stormwater infiltration basin on a shallow unconfined aquifer 
The larger scale impact of widespread stormwater infiltration has been examined by several authors. 
Markussen et al. (2004) modelled the impact of rain gardens on a 50 ha catchment in Denmark, and 
concluded that annual combined sewer overflow volume could be reduced by 75-85%. Roldin et al. 
(2012a) modelled the impact of widespread stormwater infiltration through soakaways on a 3km
2
 
catchment in Denmark and concluded that annual combined sewer overflow volume could be reduced by 
24-68%; Petersen et al. (1994) modeled theoretical catchments with stormwater infiltration; Xiao et al. 
(2007) modeled a real neighborhood scale and Peters et al. (2007) modeled the city scale. These studies 
showed that stormwater infiltration can reduce stormwater runoff and combined sewer overflows, and 
that the efficiency of infiltration systems is greatly influenced by the soil characteristics.  
Several studies have modelled the behaviour of infiltration units in urban areas. Manglik et al. (2004) 
presented a model to simulate the aquifer response to time varying recharge and pumping from multiple 
basins and wells. Elliott et al. (2009) analyzed the effect of aggregation of single storm-water control 
devices in an urban catchment model. Antia (2008) presented a model to predict the infiltration rates, 
mounding and seepage zones resulting from the interaction between multiple infiltration devices; he also 
reported cases in the UK where infiltration devices caused unexpected downstream flooding. Endreny and 
Collins (2009) used the software MODFLOW to predict the impact of different spatial arrangements of 
infiltatration units on stormwater recharge and groundwater mounding for a 8 ha catchment in New York, 
they predicted a water table  rise of 1.1 m after 30 years of recharge through bioretention basins. 
Maimone et al. (2011) used the softwere DYNFLOW to predict the effect of widespread stormwater 
infiltration in Philadelphia. Ku et al. (1992) modeled the impact of widespread stormwater infiltration 
basins on Nassau County, New York and concluded that recharge would increase by up to 12% and the 
groundwater table would rise up to 1.5 m compared to a traditional scenario without stormwater 
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infiltration. Jeppesen (2010) modeled the impact of widespread storm water infiltration in Copenhagen 
concluding that it would lead to a surface near groundwater table and require increased groundwater 
drainage. Göbel et al. (2004) modeled the effect of stormwater infiltration on the groundwater table of an 
11.5 km
2
 semi-urban catchment. Kidmose et al. (2015) modeled the impact of stormwater infiltration 
scenarios on groundwater levels and stream flows in Silkeborg in Denmark. Barron et al. (2013a, 2013b) 
quantified the impact of urbanization and stormwater infiltration on the hydrological water balance in the 
Southern River catchment in Western Australia.  
1.1 Problem identification 
This paper addresses two gaps in the literature. Firstly, while some studies have used models to predict 
the hydrologic impact of urbanization with widespread stormwater infiltration, none of the models have 
been calibrated against observation data from an urbanized catchment with stormwater infiltration. In 
fact, data sets including groundwater level observations in a large catchment undergoing urbanization 
with extensive stormwater infiltration are not currently available in the literature. Secondly, there is a lack 
of studies where shallow groundwater levels affect the infiltration from WSUDs, and the two-way 
coupling between groundwater and the infiltration devices is explicitly modeled (Roldin 2012a). Most of 
the published literature simulates catchment scale stormwater infiltration without explicitly modelling the 
interaction of groundwater levels with the stormwater infiltration systems (Maimone et al., 2011; Göbel et 
al., 2004; Barron et al., 2013a and 2013b).  
1.2. Aim of the paper 
This paper presents the development of an urban hydrologic model that was calibrated and validated 
using groundwater observation data from an urban area where widespread stormwater infiltration has 
been practiced for decades and which has been subject to major land use changes. The data set is from a 
subcatchment in Perth, Western Australia, where groundwater level data has been collected since 1960. 
Since that time, the area has been progressively urbanized, and so the dataset is ideal for analyzing the 
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hydrologic impact of urbanization with stormwater infiltration. The area is particularly interesting 
because of the widespread implementation of direct stormwater infiltration. Groundwater flooding is a 
problem in the area, and there is a suspicion that its incidence has increased as a consequence of 
urbanization and stormwater infiltration. The aim of this paper is to analyze the catchment scale 
hydrologic impact of urbanization with stormwater infiltration.  This was done by fitting an integrated 
hydrological model to a groundwater observations dataset from Perth and by simulating the groundwater 
response during different land use scenarios. The model was used to analyze 1) the changes in 
groundwater levels, 2) the changes in the hydrologic balance and 3) the performance of soakwells in areas 
with a shallow groundwater table. The novelty of this paper is the use of groundwater head observations 
from a large catchment with gradual urbanization including widespread stormwater infiltration. The study 
illustrates some of the long term issues arising from urbanization that may lead to increased urban 
stormwater infiltration and changes in evapotranspiration and irrigation supplied to new developed areas. 
2. THE STUDY AREA 
The study area is located in the south of Perth (Western Australia) and covers an area of about 112 km
2
 
(Figure 1). The area is mainly flat with topographical heights ranging between 0 and 35 m above 
Australian Height Datum (AHD) and is characterized by mild terrain slopes (< 0.5%). 
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Figure 1. Plan view of the model area with the groundwater equipotential lines (in meters) of the unconfined superficial aquifer based 
on average observed heads in the period 2008-2014. The groundwater equipotential lines cover a larger area compared to the model 
area to allow definition of the model boundary C-A which corresponds to a groundwater streamline. The background of the image is an 
aerial photo. 
The area has a Mediterranean climate with very dry summers and wet winters. The mean annual rainfall 
was 852 mm in the period 1980-2014. However, the south-west of the Western Australia region has 
experienced up to 20 % decrease in average annual rainfall since the mid-1970s (Department of Water, 
2007) and the mean annual rainfall was 775 mm in the period 2004-2014. Up to 80% of the annual 
precipitation occurs during the cooler period between May and September.  
The quaternary geology of the area is comprised of sandy aeolian formations with interbedded clay layers 
(Barron et al., 2013a). The exposed surface of the sand coincides with the Aeolian Bassendean Dune 
System of McArthur and Bettenay (1960). These sandy formations have a thickness up to 30 m and form 
an unconfined aquifer referred to as a Superficial Aquifer which lies on top of confining sedimentary 
rocks of Cretaceous age (Davidson, 1995). The unconfined groundwater table fluctuates annually up to 2 
m and is less than 6 meters below the terrain level in the model area. 
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Urbanization in Perth includes the construction of roads, houses and pavements and is commonly coupled 
with open areas (such as wetlands and green parks) to help manage urban stormwater. Public Open 
Spaces (POS) and private gardens require irrigation from November to April and the water is mainly 
sourced from local groundwater resources (Barron et al., 2013a). It is common practice in the area to 
locally infiltrate stormwater runoff from roofs and roads into the very permeable soil (Davidson, 1995). 
Infiltration of roof stormwater runoff is conducted through soakwells, underground concrete tanks that 
receive stormwater runoff from roofs and infiltrate it to the subsurface (See Figure 2). Road runoff is 
diverted to local constructed lakes/wetlands. During regular rainfall events (with less than 1 year return 
period) the surface runoff from most regions of the catchment will drain to the locally constructed 
lakes/wetlands.  
 
Figure 2. Conceptual model. (a) Undeveloped areas. (b) Urbanized area: roof runoff is diverted into soakwells and road runoff is locally 
infiltrated, leading to an increasing groundwater table and a reduction of evapotranspiration. P=precipitation; ET=evapotranspiration; 
In=infiltration; SI=stormwater infiltration; Ir=irrigation; A=abstraction. 
Building practices for soakwells and other local stormwater systems in the area of Perth are found in the 
Stormwater Management Manual for Western Australia (Department of Water, 2004-2007). 
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Some of the Department of Water’s recommendations for stormwater management approaches include: 
 Keep water in the landscape where appropriate. This can be partly achieved by managing small 
rainfall event runoff from constructed impervious surfaces at the runoff source. 
 Retain native vegetation wherever possible when assessing urban development proposals. 
 Include vegetation (especially trees) within drainage management systems wherever possible, e.g. 
in streetscapes, car parks, parks and around civic buildings and squares. 
This paper builds on several previous studies of the groundwater of the Perth area. Davidson (1995), 
Salama et al. (2005) and McArthur and Bettenay (1960) described the geology and water balance of 
groundwater systems in Perth with models and measurements. Barr and Barron (2009) and Barron et al 
(2013a and 2013b) presented a hydrogeological model to predict the impact of urbanization on 
groundwater and the water balance. Botte (2012) and JDA Consultant Hydrologists (2015) presented 
water level and infiltration data from single soakwells, and Ocampo et al. (2006) analyzed the 
groundwater response after single rainfall events. Here a new hydrogeological model of the area is 
constructed, with the main addition to the previous work being the explicit description of the spatially 
distributed soakwell systems and the hydrological response over decades-long time period. 
3. METHODOLOGY 
3.1 Hydrological model  
This study uses the software MIKE SHE-MIKE URBAN (DHI, 2012a; DHI, 2013) to set up a physically-
based distributed hydrological model. The MIKE SHE tool simulates the processes of interception, 
ponding, evapotranspiration, overland flow, infiltration and unsaturated and saturated flow. Streamflow is 
computed by MIKE 11 (DHI, 2012b).  The MIKE URBAN model was used to simulate the water level 
and the infiltration processes of soakwells. The rainfall falling on rooftops is diverted into soakwells and 
the rainfall falling on roads and other impervious areas is locally infiltrated in the model. The two models 
are fully coupled, employing smaller times steps in the MIKE URBAN model and interacting with each 
other at each MIKE SHE time step.  
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The model was built after interpreting the available data on geology, rainfall etc.  The data for the model 
was provided by DoW (the Western Australia Department of Water), and is described in a series of 
reports (Department of Water, 2004, 2004-2007, 2009 and 2013). The following describes the model 
setup, with reference to previous when it was employed in model setup. 
Model grid and boundaries 
The groundwater model simulates part of the superficial unconfined aquifer, with the model area being 
shown in Figure 1. The boundary conditions for the model are as follows: 
 A-B. Head dependent boundary. A river is simulated along this boundary with vertical cross 
sections perpendicular to the river flow direction being interpolated from the digital elevation 
model (The digital elevation model shown in Figure 3d is based on a LiDAR survey conducted in 
February 2008 when the streams along this boundary were mostly dry. This allowed to interpolate 
vertical cross sections of the river bed perpendicular to the stream flow direction and to simulate a 
river along this boundary). The roughness parameter of the stream was manually calibrated based 
on water level and stream-flow observations collected at a measuring station along the river 
(station number: 616092. Figure 3c). This boundary describes a part of the Canning River, 
Southern River and Wungong Brook. These streams can have seasonal fluctuations up to 2 m and 
Wungong Brook may dry out during dry years (Barron et al., 2013a). In order to analyze the 
model sensitivity to the A-B boundary condition a fixed groundwater head boundary condition 
(Dirichlet boundary condition) with the head corresponding to the height of terrain map along the 
A-B line of Figure 1 was tested. The Dirichlet boundary produced an insignificant difference in 
the modeled groundwater heads compared to the head dependent boundary, therefore the applied 
head dependent boundary was assumed to be reasonable. 
 B-C. No-flow boundary corresponding to the Southern river catchment delineation provided by 
the Department of Water (the catchment delineation was based on digital elevation model 
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analysis). This boundary condition has also been employed in other groundwater studies of the 
area (Barr and Barron, 2009 and Barron et al., 2013a).  
 C-A. No-flow boundary corresponding to a groundwater streamline obtained from groundwater 
equipotential lines interpolated from averaged observation heads in the period 2008- 2014. The 
equipotential lines are shown in Figure 1 and are similar to those reported by Davidson (1995).  
Point C and about 5 km of model boundary (see Figure 1) are in the region where the groundwater 
head is above 24 m. Point C has the highest groundwater head along the groundwater streamline 
C-A. The groundwater streamline C-A was selected in order to reduce the area of the unconfined 
aquifer to be modeled (and still include all the areas of interest).  
The bottom of the model (Figure 1) is set as a no-flow boundary, except for the south-eastern part of the 
model where a downward leakage was specified equal to 2% of the incoming annual rainfall. The 
estimate of the extent of the leaking area and the specified discharge to the underlain Leederville Aquifer 
was obtained from Davidson (1995). 
The MIKE SHE model grid size was set to be 70 x 70 m
2
. Barr and Barron (2009) showed that such grid 
size represents the majority (> 92%) of the landscape depressions in the Southern River catchment (a 
larger area compared to the actual case study area) so that landforms are assumed to be adequately 
represented. The time step of the groundwater flow model (MIKE SHE) was set to be an adjustable time 
step with a maximum 3 hours. 
The hydrological model includes different layers to simulate the superficial aquifer (Figure 4). The 
geological model of the area was developed by analyzing the lithology data from 314 boreholes and was 
verified against the larger scale geological model of Davidson (1995). The top layer was assigned a 
thickness of 3 m, with properties corresponding to the two superficial soil types (Bassendean sand and 
clay) mapped in the area (Figure 3a). A similar top layer thickness was applied in the hydrogeological 
model of Barr and Barron (2009) for a nearby catchment in Perth. Soil properties were modified in order 
to account for the effect of macropores and fractures in the soil structure due to the built environment 
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and/or plant/tree roots. Layer 2 represents the sandy unconfined upper aquifer (Bassendean Sand). Layer 
3 is a clayey aquitard and is modeled as a uniform thickness layer. In reality this layer is believed to be 
discontinuous and comprised of clay lenses (Davidson, 1995). Layer 4 represents the sandy sediments 
(Bassendean Sand) at the bottom of the superficial aquifer. Clay lenses creating localized perched 
groundwater tables are known to be widespread in the superficial aquifer. But these lenses were not 
explicitly simulated and instead the properties of the layer were described in the model by effective bulk 
parameters. 
 
Figure 3. (a) Surface geology. (b) Land use in 2005. (c) Observation data; stream flow, weather variables, groundwater heads (GW). SR 
corresponds to Southern River wells and CoG corresponds to City of Gosnell wells. (d) Digital elevation model and modeled streams. 
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Figure 4. Cross sections of the geological model. Layer 1 is made of spatially distributed (according to the surface geology map of Figure 
3a) sand and clay; Layer 2 is sand; Layer 3 is clay and Layer 4 is sand. 
Stormwater infiltration systems – soakwells 
Soakwells were implemented in MIKE URBAN where they were represented as leaky “links” (normally 
used to represent pipes) (DHI, 2012a). The time step of the MIKE URBAN model was set to 600 s. 
Residential houses can have up to 3-4 soakwells and their storage volume and geometry can vary 
depending on local municipality requirements. Information about construction details of local soakwells 
is limited. Multiple soakwells were modeled as a single aggregated unit as proposed by Elliot et al. (2009) 
and Roldin et al. (2012b). 798 aggregated soakwells were simulated within the model area. Soakwells 
were applied to the land use categories of ‘Residential’ and ‘Dense Residential/Commercial’. The 
geometry of each aggregated soakwell was chosen to be 1.5 m wide (B) and 1 m deep (H) and the length 
(L) determined as a function of the drainage area as shown in Eq. (1):  
  
     
   
 (1) 
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where A is the total area, C is the fraction of the total residential (or dense residential/commercial) area A 
connected to soakwells, and r is the storage depth of soakwells (i.e. the rainfall depth to be managed by 
the soakwells). r is assumed to be equal to 15 mm which is the typical storage depth for soakwells in the 
area. The value of C was set to be 0.40 for “dense residential/commercial” areas and 0.35 for “residential” 
areas (these values are similar to those of Barron et al., 2013a). 
The modeled soakwells were spatially located at the centroids of the corresponding area as shown on 
Figure 5 and were placed 20 cm below the terrain level. The exchange of water between soakwells and 
groundwater depends on the computed heads at the soakwell point location; this makes the spatial 
location an influential factor for the performance of the soakwells. The smaller the residential area A, the 
better the centroid represents local groundwater conditions. Groundwater gradients in the area are less 
than 0.5%. Spatial errors in model results due to soakwell aggregation were minimized by restricting 
residential catchments to an extent of less than 100-400 m in length (and width). The aggregated soakwell 
areas had a size of 0.4-1.5 ha in the central part of the model area whereas in the model areas close to the 
northern and north-eastern boundary they had an average size of about 3 ha. Coarser discretization in the 
boundary areas was necessary in order to reduce computational time to an acceptable level. The coupled 
MIKE SHE-MIKE URBAN model runs about 10 times slower when compared to the single MIKE SHE 
model. The model running time was about 1h per simulation year using 4 processors of 2.1 GHz each. 
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Figure 5. (a) Soakwells in the model area together with selected urban areas for which results are highlighted in the following. (b) Zoom-
in on part of the area shown on (a). 
Soakwells infiltrate water if the groundwater head is lower than the water level in the soakwells, 
otherwise there is no infiltration. If the water level in the soakwell exceeds its capacity, overflow to the 
corresponding MIKE SHE cell occurs. The soakwells infiltrate stormwater runoff according to the 
following equation: 
             (2) 
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Where CL [s
-1
] is the leakage coefficient (DHI, 2013), WA [m
2
] is the wetted area of the soakwell  and h 
[m] is either the water level in the soakwell if the groundwater level is below the bottom of the soakwell 
or the difference between the water level in the soakwell and the groundwater level if the groundwater is 
above the bottom of the soakwell. The value of CL was set to 2∙10
-4
 s
-1
. This value was obtained by trial-
and-error calibration that aimed at having most of the soakwell storage (> 60%) emptied within a day. 
Observed data from single soakwells in the area showed that soakwells empty within a couple of days and 
that most of the storage is restored after a day (Botte et al., 2012). Further tests on soakwells at a property 
(JDA Consultant Hydrologists, 2015) showed that soakwells could infiltrate all the 65.6 mm of water 
applied to the roof of the house in 12 hours (corresponding to a 10 year return period event). The 
infiltration model equation (Eq. 2) shows that Qinf tends to 0 as the water level h in the soakwell 
approaches 0, meaning that the modeled soakwells do not ever empty. This model was originally 
developed for simulating the interaction of sewer pipes with groundwater; more specific infiltration 
models for infiltration systems are available in the literature (Roldin et al., 2012a) but were not available 
in the actual model interface. 
Rainfall, evapotranspiration, abstraction and irrigation 
A daily rainfall time series was available at 4 different weather stations with locations shown in Figure 3c 
(station numbers: 9172, 9106, 9001 and 9257). The spatial variability of rainfall is low and so the time 
series were spatially distributed using Thiessen polygons around the stations (the difference in the 
measured annual precipitation between the different stations was on average 7%). 
Pan evaporation data had a daily time step (measured at station 9172, see Figure 3c) and was used in the 
model as potential evapotranspiration. The spatial variability of potential evapotranspiration fluxes was 
assumed to be negligible. Actual evapotranspiration was computed in MIKE SHE using the “2-Layer 
Water Balance Method” (DHI, 2013). This method is particularly suited for areas with a shallow 
groundwater table (Kristensen and Jensen, 1975). This model simulates the processes of interception, 
ponding, recharge and evapotranspiration, assuming the unsaturated zone to consist of two “layers” 
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representing average conditions in the unsaturated zone. The vegetation parameters used in the model are 
the Leaf Area Index (LAI), the root depth (RD) and the crop coefficient (Kc) and are summarized in 
Table 2. The parameter values selected were similar to those of Barron et al. (2013a) and they were 
manually calibrated (see the calibration section) in order that the annual fluxes were similar to those of 
other studies in the same area. The vegetation parameters (LAI, RD and Kc) have seasonal variation with 
the lowest values in January, February and March and the highest values in June, July, August and 
September. The winter peak in these parameters is due to the fact that plant growth occurs in the winter 
(June, July, August and September) when the climate is wetter (Potential evapotranspiration has a 
seasonal variation with the highest values in January, February and March and the lowest values in June, 
July, August and September). The infiltration/evaporation parameters varied spatially with land use. An 
example of the land use data employed in one of the modeling scenarios is shown in Figure 3b (the colors 
of this figure were mainly chosen to show the urbanized and the undeveloped areas). The soil parameters 
used to model the unsaturated zone processes include the infiltration capacity, the soil moisture contents 
at the wilting point, field capacity and saturation. These parameters are shown in Table 2 and are similar 
to those in the geological study of the Perth area of Salama et al. (2005).  
Groundwater abstraction data was provided by the Department of Water for 7 wells in the model area 
(average abstraction of approximately 2∙105 m3/year per well). A constant irrigation flux from October to 
April was applied to the land use categories of “residential areas”, “dense residential” and “irrigated”. 
Table 1 summarizes the modeled irrigation fluxes together with the corresponding source. For example, 
the “residential” areas in the model required an irrigation flux of 17 mm/m2/week (provided by DoW, the 
Western Australia Department of Water) applied to the irrigated area which was estimated (together with 
the DoW) to be 30% of the “residential area”, resulting in a uniform modeled irrigation flux of 5.1 
mm/m
2
/week over the whole residential area. This flux is partially (30%) sourced from the superficial 
aquifer and modeled as abstraction from shallow boreholes, with the remainder (70%) being sourced from 
the distribution network (Department of Water, 2009) and being included in the model as additional 
rainfall. 
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Table 1. Modelled irrigation fluxes. 
Land use category 
Required 
irrigation flux 
Source (modelled) 
Estimated 
irrigated area 
modelled 
irrigation flux 
 
 mm/m2/week   
[% of the 
whole area] 
 mm/m2/week 
irrigated 25  100% external (modeled as added rainfall) 70 17.5  
residential 17 
30% from superficial aquifer (local shallow wells) 
and 70% external (modeled as added rainfall) 
30 5.1  
dense residential/ 
comerciall 
17 
5% from superficial aquifer (local shallow wells) 
and 95% external (modeled as added rainfall) 
20 3.4 
 
The use of a constant irrigation flux (with low intensity) rather than multiple single irrigation events (with 
higher intensity) is likely to overestimate the evapotranspiration (Barron et al., 2013a).  
Model calibration and validation 
Observed groundwater head time series from observation wells are available from both urbanized and 
undeveloped areas (Figure 3c). The groundwater observations wells were divided into three different 
groups: City of Gosnell (CoG) wells are located within a recently urbanized area where daily observations 
were recorded in the period 2010-2011; Southern River (SR) wells are located within lightly urbanized 
and undeveloped areas and have daily observations in the period 2012-2014; long term observation wells 
are located throughout the model area and have time steps in the range of 2-12 months and discontinuous 
observations between 1970 and 2015.  
Model calibration was performed for the groundwater heads in the period 2010-2012 using the software 
Autocal (AutoCal, 2012) which employs a global optimization algorithm based on the ‘Population 
Simplex Evolution method’. The objective function to be minimized is shown in Eq. (3). 
      
 
     (3) 
where n is the number of observation wells, j represents the code of each observation well and RMSEj is 
the root mean-square-error at each well defined by: 
       
 
 
                    
  
     (4) 
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where N is the number of groundwater level observations at different times i for each well j, Hobs,j,i is the 
observed groundwater head and Hmod,j,i is the simulated groundwater head at the i-th observation in the 
time series for the j-th observation well. Notice that (3) implies that each well is assigned the same 
weight. The automatically calibrated parameters were the hydraulic conductivity of the geological layers, 
the specific yield and the storativity. The parameters to be calibrated were selected after performing a 
local sensitivity analysis and examining the parameter correlation of a preliminarily calibrated model. 
The model was calibrated for 2 years (2010 and 2011) using a 1 year warm-up period (1 year of warm-up 
was judged to be sufficient due to the highly permeable sediments and the somewhat limited catchment 
area). The initial conditions of the calibration model (the initial water and groundwater levels) were based 
on the results of a preliminary calibration of the model. 25 observation wells were used for the modle 
calibration and validation (see the calibration wells in Figure 6). 
Validation was performed for the years 2005-2010 and 2012-2014. The land use varied in the model 
during the calibration and validation periods and had 2 different configurations, one from 2005-2008 and 
one from 2008-2014.  
The root mean square error (RMSE), the mean error (ME), the scaled root mean square (SRMS) and the 
mean absolute error (MAE) were computed to evaluate the performance of the simulated groundwater 
heads (Anderson and Woessner, 1992). 
Only groundwater head observations were used in the objective function of the automatic calibration 
(stream flow dynamics were not part of the automatic calibration). Nevertheless, the simulated mean 
annual groundwater recharge and the mean annual stream flow were similar to the catchment water 
balance results of Barr and Barron (2009) and Barron et al. (2013a) for a nearby catchment. Annual 
recharge and stream flow fluxes were adjusted by trial-and-error calibration of LAI, root depth, crop 
coefficient and the leakage coefficient of the stream beds. Calibration of hydrological models commonly 
involves the use of multi-objective functions that aggregate both observed heads and stream flows with 
user defined weights. These objective functions are quite complex and the choice of weights is an 
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ongoing discussion. For example Kidmose et al., (2015) employed higher weights for groundwater heads 
compared to stream flow observations in their multi-objective function; Jeppesen (2010) first calibrated 
for heads and subsequently stream flow; Stisen et al. (2010) showed in their case study that, apart from 
redistribution of internal flow processes like base flow, drain flow, and overland flow, only minor 
changes occurred in spite of the major change in the multi-objective function weights. The calibration 
method employed in this paper is consistent with the approaches employed in these studies. The focus on 
groundwater levels in the calibration is also consistent with the aim of the model to simulate groundwater 
levels. 
3.2. The modeling scenarios 
The calibrated and validated model was used to run different scenarios. All the simulated scenarios 
presented in this paper are based on continuous simulations of the period 1995-2014. The year 1994 is 
used as warm-up period and the initial conditions (the initial water and groundwater levels) for each 
scenario are taken from the results of a simulation run with the corresponding scenario parameters. The 
model parameters are shown in Table 2 unless otherwise specified. Each scenario considers one constant-
in-time land use coverage, selected from the historical data in the catchment. 5 model scenarios are 
considered: 
(1) 2012 scenario (s2012) with land use data from 2012. The 2012 land use had 37% of the area 
urbanized (urbanized areas are counted by summing the land use categories of ‘Roads’, 
‘Residential’ and ‘Dense residential’). 
(2) 1994 scenario (s1994) with land use data from 1994. The 1994 land use had 23% of the area 
urbanized. 
(3) 1974 scenario (s1974) with land use data from 1974. The 1974 land use had 16% of the area 
urbanized. 
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(4) No groundwater scenario (No_GW). This scenario decouples soakwells from groundwater levels 
so that infiltration from soakwells is not limited by the groundwater levels. This scenario is run 
using the land use of 2012. 
(5) Stormwater draining infrastructure (sDrain). This scenario assumes that stormwater runoff from 
roofs is diverted into stormwater drain pipes (stormwater runoff from roads is still locally 
infiltrated). This is modeled by removing roof stormwater runoff from the model area. This 
scenario is run using the land use of 2012. Stormwater runoff would be typically discharged into a 
receiving water. The consequences of this were not addressed, e.g. frequent channel forming flows 
in the receiving systems which negatively affect the ecology and geomorphology of the receiving 
system. 
Many factors influence groundwater levels. For instance, climate and rainfall patterns clearly influence 
groundwater response. Land use also affects groundwater response and data was available for the 
catchment with time intervals between 3 and 10 years. In the scenarios, we focus exclusively on 
evaluating the impact of land-use on groundwater levels. This means that all other factors are identical 
between the scenarios, and only land-use is varied.  
3.3. The analyzed model outputs 
Water balance 
The impact of urbanization and stormwater infiltration on the water balance was presented by comparing 
the model outputs of the different scenarios both at the whole catchment scale and on the selected area 
shown in Figure 5b (approximately 16 ha). The selected water balance components are defined as 
follows: ‘soakwell infiltration’ is the amount of water infiltrated through the soakwells; ‘baseflow to 
rivers’ is the total amount of  baseflow to the modeled rivers; ‘pumping’ is the amount of abstraction from 
the model area; ‘net recharge’ is the water that is exchanged between the unsaturated and the saturated 
zone (it is the difference between the water reaching the uppermost groundwater table and the water 
leaving the uppermost aquifer due to evapotranspiration) (positive net recharge means that the water 
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volume reaching the uppermost groundwater table is higher than the water leaving the uppermost aquifer 
due to evapotranspiration, and vice versa); ‘irrigation’ is the amount of water applied to the model 
surface’ and ‘total ET’ is the total amount of evapotranspiration. 
Soakwell performance  
The performance of soakwells is presented in the results section in terms of the ratio between the inflow 
stormwater runoff volume and the overflow from soakwells over a simulation period. The inflow and 
outflow volumes were calculated for two selected urban areas (Urban area 1 and 2; see figure 5). These 
urban areas are approximately 500 ha each and were selected since they had a constant land use 
throughout the different simulation scenarios.  
Groundwater rise 
The groundwater rise in the results section was calculated from the annual maximum simulated 
groundwater levels at a point location. The annual hydrological year was assumed to coincide with the 
calendar year. Annual maximums were sorted and a return period calculated according to the Weibull 
(1939) plotting position: 
r
y
T
1

 
(6) 
where y is the duration of the time series in years and r is the rank of the annual maximum groundwater 
level. 
Water above terrain 
Simulated surface water levels at the Auckland Parade detention basin (located near the ‘zoom in area’ of 
Figure 5a) are shown in the results section. This basin is located within a residential area and aerial photos 
showing water above terrain levels are available for some days in the year 2010. 
4. RESULTS 
4.1. Model calibration and validation 
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Table 2 shows the fixed, the dependent (‘Tied’ in the table) and calibrated model parameters and their 
values. The values of the calibrated hydraulic conductivity and storage coefficients for the sandy layer of 
the superficial aquifer (Layer 2) are similar to those of Barr and Barron (2009).  
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Table 2. Model parameters 
 Parameter Value Unit Description 
C
a
li
b
ra
te
d
 
Kh2 4.3E-4 m/s Horizontal hydraulic conductivity of Layer 2 
Kh4 3.8E-4 m/s Horizontal hydraulic conductivity of Layer 4 
Sy1 sand 0.28 - Specific yield of the sand in Layer 1 
SS2 3.0E-5 - Specific storage of Layer 2 
SS3 1.2E-4 - Specific storage of Layer 3 
Sy1 clay 0.099 - Specific yield of the clay in Layer 1 
SS4 4.0E-5 - Specific storage of Layer 4 
T
ie
d
 
KV2 = Kh2/10 m/s Vertical hydraulic conductivity of Layer 2 
KV4 = Kh4/10 m/s Vertical hydraulic conductivity of Layer 4 
Sy2 = Sy1 sand - Specific yield of Layer 2 
SS1 sand = SS2 - Specific storage of the sand in Layer 1 
F
ix
ed
 
Kh1 Sand 5.0E-4 m/s Horizontal hydraulic conductivity of the sand in Layer 1  
KV1 Sand 5.0E-5 m/s Vertical hydraulic conductivity of the sand in Layer 1 
Kh1 Clay 5.0E-5 m/s Horizontal hydraulic conductivity of the clay in Layer 1 
KV1 Clay 5.0E-6 m/s Vertical hydraulic conductivity of the clay in Layer 1 
Kh3 1.0E-5 m/s Horizontal hydraulic conductivity Layer 3 
KV3 1.0E-6 m/s Vertical hydraulic conductivity of Layer 3 
ManningN 6-100 m1/3/s Spatially distributed Manning Number for overland flow 
Detention_storage 2 mm Detention storage for overland flow 
Leakage 1E-4 m/s Leakage coefficient of stream beds 
Capillary_fringe 0.3 m Depth of the capillary fringe (spatially uniform) 
Land use    
Unirrigated area 0.2-1.0 
0.3-0.7 
0.5-0.9 
- 
m 
- 
LAI  
Root Depth  
Kc 
Irrrigated area 0.7-1.0 
0.3-0.7 
0.5-0.9 
- 
m 
- 
LAI  
Root Depth  
Kc 
Roads 0.1 
0 
0.1 
- 
m 
- 
LAI  
Root Depth  
Kc 
Dense urban/ 
commercial 
0.2-0.7 
0.3-0.5 
0.4-0.5 
- 
m 
- 
LAI  
Root Depth  
Kc 
Urban residential 0.2-0.7 
0.3-0.5 
0.4-0.5 
- 
m 
- 
LAI  
Root Depth  
Kc 
Wetlands 0.2-1.0 
0.3-0.7 
0.5-0.9 
- 
m 
- 
LAI  
Root Depth  
Kc 
Trees/ shrubs 1.2 
2.0 
0.8 
- 
m 
- 
LAI  
Root Depth  
Kc 
Lake Forrestdale 0 
0 
0.9 
- 
m 
- 
LAI  
Root Depth  
Kc 
Unsaturated soil 
properties 
   
Clay water content 0.45; 0.33; 0.15 -; -; - Saturation; field capacity; wilting point 
Sand water content 0.38; 0.16; 0.03 -; -; - Saturation; field capacity; wilting point 
Clay 6.0E-5 m/s Saturated hydraulic conductivity of superficial clay 
Sand 6.0E-4 m/s Saturated hydraulic conductivity of superficial sand 
 
Table 3 shows the RMSE, MAE, SRMS and ME for the calibration and validation period and Figure 6 
shows the ME for selected wells in the calibration period. Figure 7 shows the simulated and observed 
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time series of groundwater heads for 4 calibration wells selected to illustrate the observed range of model 
fits. 
The simulated annual groundwater net recharge during the period 2009-2014 was 19% of the annual 
rainfall over the whole model area (the mean annual rainfall in this period was 728 mm), 0% of the 
annual rainfall in the undeveloped areas of the model and 48% of the annual rainfall in the urbanized 
areas.  
The net recharge can be compared with other estimates from literature using a similar definition of net 
recharge. Groundwater net recharge over the model area was estimated by Davidson (1995) to spatially 
vary between 0 and 24% of the annual rainfall, with an average of about 15%; Allen (1976) estimated 
about 5.5% net recharge to the unconfined aquifer south of Perth; Sharma and Pionke (1984) estimated 
12% of net recharge over native bushland, and stated that beneath a mature pine plantation there may be 
no groundwater net recharge; Barron et al. (2013a) reported a net recharge of 1% of the annual rainfall for 
an undeveloped area in the Southern River catchment (the Southern River catchment is a larger area that 
also includes a part of the actual model area). Uncertainties in the amount of recharge over the area are 
not addressed in this paper. 
The simulated contribution to stream flow from the whole model area in the period 2009-2014 was 16% 
of the incoming rainfall. Barr and Barron (2009) reported an average annual contribution to streams in the 
Southern river catchment of 6% of the incoming rainfall. Barron et al. (2013a) reported a contribution of 
11% of the incoming rainfall for the whole Southern River Catchment; 1% for the Wungong Urban 
Waters (a circa 20 km
2
 area close to the south-eastern boundaries of our model area), and 28–37% for 
urbanized areas in the Southern river catchment.  
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Figure 7. Simulated and observed groundwater head at selected 
observation wells for the calibration and validation period. 
 
Figure 6. Mean Error (ME) of the calibration wells during the 
calibration period. The dashed lines represent the mean 
groundwater equipotential lines during the calibration period. 
Table 3. Calibration and validation performance measures. Root mean square error (RMSE), mean error (ME), scaled root mean square 
(SRMS) and mean absolute error (MAE). 
 Period RMSE [m] SRMS [%] ME [m] MAE [m] 
Calibration 2010-2012 0.67 1.5 0.037 0.63 
Validation 2005-2010 
2012-2014 
0.74 
0.71 
1.7 
1.6 
-0.25 
0.027 
0.68 
0.67 
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4.2. Water balance 
Figure 8a shows the water balance for the whole catchment as a function of the different scenarios. The 
process of urbanization with stormwater infiltration (from the scenario s1974 to s1995 to s2012) leaded to 
increased ‘soakwell infiltration’, ‘pumping’ and ‘irrigation’. Increasing stormwater infiltration 
furthermore lead to an increased ‘net recharge’ and an increased ‘baseflow to rivers’, and the increased 
‘net recharge’ lead to groundwater rise (see Section 3.4). The ‘total ET’ decreases with increasing 
urbanization because of the reduction of green areas. Similar trends were also reported by Barron et al. 
(2013a; 2013b) for a similar area in Perth. 
Figure 8b shows the water balance of the area shown in Figure 5b for the scenarios s1974, where most of 
the area was ‘unirrigated’ and ‘trees/shrubs’; s1995, where 1% of the unirrigated area of s1974 was turned 
into residential; and s2012 where most of the area was turned into ‘roads’ and ‘residential’. Figure 8b 
shows more pronounced water balance changes compared Figure 8a because the focus area was heavily 
urbanized between s1995 and s2012. Surprising, the ‘net recharge’ decreased and the ‘total ET’ increased 
between s1974 and s1995. This is because in this specific area there was an insignificant difference in 
land use between the s1974 and the s1995 (only 1% difference in urbanization), whereas in the whole 
catchment significant urbanization took place (from 16% urbanized in s1974 to 23% in s1995). Increased 
urbanization in other parts of the catchment increased the overall catchment groundwater levels which 
resulted in an increased ‘total ET’ from shallow groundwater in this area. The scenario s2012 shows a 
significant increase of ‘net recharge’ and decrease of ‘total ET’, mainly due to stormwater infiltration and 
the reduction of green areas. 
Overall results show that urbanization with stormwater infiltration lead to an increased recharge, mainly 
due to stormwater infiltration and the reduction of ET caused by the decrease in green areas in the whole 
catchment. However, urbanization can lead to localized increases of evapotranspiration in non-urban parts 
of the catchment, where there are increased groundwater levels due to urbanization in other parts of the 
catchment. It is therefore important to model the whole groundwater catchment in order to evaluate the 
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impact of urbanization and other factors on groundwater levels. Similar results were obtained by Ocampo 
et al. (2006) who also showed that the groundwater response from a similar catchment in Perth was 
influenced by a large scale area of the groundwater catchment. 
 
Figure 8. Mean annual water balance for the 2009-2014 period. (a) Water balance of the whole model catchment for the different 
scenarios. (b) Water balance for the area of Figure 5b. The percent of ‘urbanized’ area was calculated by summing the land use 
categories of ‘Roads’, ‘Residential’ and ‘Dense residential’. Negative ‘net recharge’ means that the evapotranspiration volume is higher 
than the rainfall volume in that specific area. 
4.3. Soakwell performance 
Figure 9 shows that the annual overflow volume of soakwells in the model area for the different scenarios 
for the 2 selected urban areas is less than about 23% of the incoming rainfall for all the scenarios 
(corresponding to at least 77% of annual volume retention). Soakwells in the area were set to have 15 mm 
storage resulting in a large annual retained volume. Locatelli et al. (2015) calculated a 99% annual 
retention (1% of inflow water overflows annually) for infiltration trenches not affected by shallow 
groundwater and designed for 1 year return period events in a soil with an average hydraulic conductivity 
of 4∙10-5 m/s. This is similar to the overflow estimate (between 0 and 2%) obtained in the scenario 
No_GW of Figure 9.  
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Locatelli et al. (2015) showed that stormwater retention decreases significantly when there is groundwater 
mounding below infiltration trenches. Similar results have been obtained by Machusick et al. (2011) and 
Roldin et al. (2013). The catchment model presented in this paper does not model localized mounding 
below the soakwells and the 70m x 70m computational grid cannot capture this localized effect. For this 
reason the model is likely to overestimate the annual retention in the areas where the groundwater table is 
less than 2m from the bottom of the soakwells (3.2 m below terrain). The 2m threshold was obtained by 
Locatelli et al. (2015) for a soil with an average hydraulic conductivity of 4∙10-5 m/s. In the model 
developed here, the conductivity of Bassendean sand high so that the threshold is likely to be less than 2m 
in this model area (Locatelli at al., 2015). 
The sub-catchments (Urban areas 1 and 2 of Figure 5a) selected for showing the results in Figure 9 have a 
stable land use, but the land use around them changes greatly with time. The results from the 3 different 
land use scenarios (s1974, s1995 and s2012) show a trend of increasing overflow. This suggests that the 
process of increasing urbanization in the areas surrounding the focus catchments affects the performance 
of the existing soakwells in the focus catchments. This is because the groundwater levels in the whole 
model area increase with increasing urbanization and stormwater infiltration. 
Soakwell performance is also dependent on their depth below ground, generally the deeper the soakwell, 
the worse the performance due to the reduced distance to the water table. Moreover the leakage 
coefficient CL is an influential parameter for the performance of soakwells. This parameters control the 
infiltration rates (see Eq. 2); the lower the value of CL, the lower the infiltration rates and the higher the 
overflow from soakwells. Time variation of CL due to clogging was not included in the model. The 
parameter CL was manually calibrated (see Section 2.2). 
The soakwell performance is generally overestimated due to the daily rainfall time steps employed in the 
model, which leads to reduced peak rainfall intensity (e.g. a 20 mm rainfall that fall in 2 hours can 
generate a soakwell overflow, however if the 20 mm rainfall falls over a day the soakwell is likely to not 
overflow because the daily infiltration rate of soakwells is high).  
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Overall, the results of Figure 9 suggest that groundwater dynamics are important for soakwell 
performance. Locatelli et al. (2015) showed that the annual retention of infiltration trenches decreases 
with decreasing the conductivity of the soil, and this suggest that the impact of inter-annual groundwater 
dynamics will be even more significant in areas with lower soil hydraulic conductivity. 
 
Figure 9. Ratio between the total overflow and the inflow volume for the soakwells in the two different selected urban areas shown in 
Figure 5a. The horizontal axis shows the different scenarios. The scenario sDrain is not shown since it includes no soakwells. 
4.4. Groundwater rise 
Figure 10 shows the annual maximum groundwater levels as a function of the return period at the 
observation well CoG11 (see Figure 3c). Overall, each scenario shows a similar trend, and the annual 
maximum groundwater levels increase with increasing urbanization. This means that the process of 
urbanization (that reduces evapotranspiration, increases stormwater infiltration and adds irrigation) leads 
to an increased risk of groundwater flooding. The sDrain scenario (with 2012 land use) shows 
groundwater heads about 0.4m lower compared to the scenario s2012. The scenario sDrain assumed that 
the stormwater runoff from roofs was removed from the model. Overall results show a significant impact 
due to stormwater runoff infiltration and reduced evapotranspiration over impermeable areas. 
The different land use scenarios (s1974, s1995 and s2012) show annual maximum groundwater level rise 
due to subsequent urbanization. The area around the CoG11 observation well was not urbanized in both 
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the s1974 and s1995 scenarios, but an increase in groundwater levels was observed. This suggests that 
groundwater levels at CoG11 are influenced by changes occurring in the surrounding area. 
 
Figure 10. Annual maximum groundwater head at the location of the CoG11 observation well for the different scenarios. 
The model outputs shown in Figure 10 can be useful to evaluate the impact of land use changes, due to 
new buildings/infrastructure and vegetation changes. These outputs could be useful in setting criteria for 
land planning, helping inform design processes and policy. 
4.5. Water above terrain 
Figure 11 shows the simulated water level above terrain at the Auckland Parade detention basin together 
with its aerial photos at different dates. This basin is located within an urbanized residential area near the 
CoG8 and CoG12 wells shown in Figure 6. The aerial photos show that the basin is dry on the 8
th
 May 
but that water is above terrain the 29
th
 of May, the 1
st
 of August and the 29
th
 of September. The modelled 
hydrographs show similar patterns of flooding on these dates. This suggests that surface water observed 
in the catchment is likely due to groundwater rise above terrain levels. Antia (2008) also showed that 
stormwater infiltration leads to increased groundwater rise to levels above terrain. 
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Figure 11. Aerial photos together with the simulated water level above terrain at the Auckland Parade detention basin during the year 
2010. The aerial photos show water standing on the green area of the Auckland Parade. 
5. MODEL LIMITATIONS 
Single event response 
The model was designed for long term simulation of changed land use and captures annual trends, but 
does not reproduce the dynamics of single events. Figure 12 shows an example of simulated and observed 
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heads for a number of rainfall events. The daily groundwater observations collected at the CoG and SR 
wells (Figure 3c) clearly show short term groundwater responses driven by the rainfall, with sharp peaks 
and fast groundwater recessions that were not fully captured by the model. Daily groundwater 
observations were used for the calibration, but only 6 observation wells (CoG wells) recorded daily 
measurements, while the others recorded data with monthly or longer time steps. A calibration using only 
the 6 CoG observation wells with 24 hour data was attempted without significant improvements. This is 
because the seasonal groundwater patterns dominate the calibration objective function. Other methods 
were tested to capture the single event response but without satisfactory results. For instance the 
computational grid was decreased to 30m x 30m; uniformly distributed groundwater drainage using 
different drain conductivities was simulated; specific yield and specific storage were reduced to try 
increasing the groundwater gradients. Crosbie et al. (2005) showed an increase in head changes in 
response to rainfall as the groundwater becomes shallower. For shallow water tables, the capillary zone 
extends all the way to the ground surface, decreasing the specific yield); macro-pore flow was introduced 
to give recharge even if the unsaturated zone storage was not full.  
 
Figure 12. Example of simulated and observed groundwater head for 2 observations wells in 2010. 
Long term observed groundwater response 
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A minority of the 40-year-long groundwater observation wells (3 out of 24 observation wells) in the 
model area (i.e. 4695, 4676, 4785, see Figure 6) show an overall decreasing trend in groundwater levels 
that is in contrast with our conclusion that urbanization leads to an overall increase of groundwater levels. 
The decreasing trends can be caused by the vicinity of observation wells to abstraction wells or other 
factors like long term decreasing rainfalls. The 70m x 70m model cannot reproduce the local drawdown 
around abstraction wells. Moreover, abstraction wells for irrigation purposes were modeled as uniform 
spatially distributed abstraction rates so that the model could not simulate the local drawdown around 
single abstraction wells. This model did not analyze the effect of long term rainfall variations. As stated in 
Section 2.1, the south-west of the Western Australia region has experienced decreasing annual 
precipitations. Moreover, other processes like the change in long term water abstraction and construction 
of draining channels were not simulated. 
The simulated processes associated with urbanization included increased stormwater infiltration, reduced 
evapotranspiration due to a reduction of green areas, increased abstraction of water for non-potable uses 
and supply of irrigation. Nevertheless, many other processes were not included. For instance, leakage of 
freshwater from pressurized water supply networks was not modeled, even though many studies showed 
that it can significantly contribute to groundwater recharge (Jeppesen, 2010; Yang et al., 1999; Vázquez-
Suñé et al., 2005; Giudici et al., 2001).  
6. CONCLUSIONS  
This study presents a calibrated and validated hydrological model to analyze the catchment scale impact 
of urbanization with stormwater infiltration on groundwater levels and water balance and the performance 
of soakwells in the presence of a shallow groundwater. The novelty of this paper is the use of 
groundwater head observations from a large catchment with gradual urbanization including widespread 
stormwater infiltration.  
Different land use scenarios were implemented to analyze the hydrologic impact of urbanization with 
stormwater infiltration. This study showed that increasing the degree of urbanization with stormwater 
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infiltration caused a rise in groundwater levels due to changes in the water balance, particularly an 
increased recharge from stormwater infiltration systems and a reduced evapotranspiration due to 
construction of new impervious surfaces over previously green areas. These changes in the water balance 
and groundwater levels lead to an increased risk of groundwater flooding due to groundwater seepage 
above terrain. This study also showed that local changes of land use affect the whole catchment, i.e. the 
development of new urban areas with stormwater infiltration was shown to cause an overall groundwater 
rise in the catchment that affected both the water balance and the performance of stormwater infiltration 
systems in other parts of the catchment that were not affected by land use changes. 
The majority of the annual stormwater runoff volume from impervious areas like roofs and roads was 
shown to be infiltrated through soakwells and surface water system. However, the infiltration capacity of 
soakwells was shown to decrease with increasing urbanization due to an overall rise of the groundwater 
table. Seasonal fluctuations of the groundwater table above the bottom of the soakwells were shown to 
reduce their performance. Therefore, it is relevant to consider the impact of groundwater when modeling 
stormwater infiltration systems in the presence of a shallow groundwater.  
This study highlights the importance of investigating the long term changes in the catchment water 
balance due to urbanization and the influence of this on the groundwater regime. For the study area of 
Perth, as well as all other urban development areas in Western Australia, the Department of Water 
requires an evaluation of groundwater impacts in development proposals (Department of Water, 2013).  
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 Groundwater observations used to calibrate a model of urban stormwater infiltration 
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